In vitro manipulation of proviral DNA of mouse mammary tumour virus (MMTV) was used to construct mutants with defined deletions at the 5' end of the proviral gene. In the mutants 516, 1400 and 2000 nucleotides were removed from the 5' end. The deleted proviral DNA was tested for transcription and glucorticoid hormone regulation of viral RNA expression upon cotransfection into rat XC tk-cells with a thymidine kinase gene. Intact proviral DNA contained in the plasmid vector pBR322 and the deletion mutant pGR16A516, missing 516 nucleotides of the 5' long terminal repeat (LTR) sequence, were transcribed in a hormone responsive fashion and produced RNA species of 35S and 24S. Deletion of the entire LTR sequence abolished MMTV transcription and the hormonal effect.
INTRODUCTION
The combination of molecular cloning and DNA-mediated gene transfer methods has allowed the identification of DNA sequences involved in the regulation of gene expression. Glucocorticoid hormone induction is conferred by DNA sequences contained in a cloned proviral gene of mouse mammary tumour virus (MMTV) (Hynes et al., 1981 a, b; Buetti & Diggelmann, 1981) and in a clone of the ~2u globulin gene (Kurtz, 1981) . Regulatory sequences controlling transcription of a heat shock-responsive Drosophila gene have been identified by gene transfer into mouse fibroblasts (Corces et al., 1981) . The DNA sequences introduced into the L-cell environment contain structural as well as regulatory regions of these genes. Chimeric genes have been constructed to separate the structural parts of the MMTV proviral gene from the regulatory region. In vitro recombination of the long terminal repeat (LTR) sequence of MMTV with the Ha-MuSV p21 gene , the dihydrofolate reductase gene of mouse (Lee et al., 1981) or the thymidine kinase gene of herpes simplex virus have shown that hormone inducibility can be conferred to at least three other genes located 3' to the MMTV LTR region. Therefore, the LTR region seems to be sufficient to mediate the action of glucocorticoids. In addition, no viral structural protein is required for the hormonal response.
The LTR of MMTV is composed of 1328 nucleotides (Donehower et al., 1981) . An open reading frame of 960 nucleotides is located at its 5' side. The viral RNA initiation site is located 134 nucleotides from the 3' end and is preceded by a TATAAA sequence (N. Kennedy, unpublished observations) . We have investigated the contribution of the LTR sequence to hormonal regulation of MMTV expression by attempting to dissociate its promoter and regulatory properties. Targeted deletions of nucleotides from the 5' end of the left or 5' LTR (L-LTR) were introduced into the proviral gene. One of the proviruses which we obtained contains a 516 nucleotide deletion in the L-LTR. The sizes of the RNA species transcribed from this deleted provirus were found to be indistinguishable from the transcripts arising from the intact provirus. Hormone inducibility was also retained. Deletion of the whole LTR region, including the viral RNA initiation site, resulted in no transcription of proviral DNA in the absence and presence of dexamethasone. The integrity of the L-LTR sequence is not necessary for hormone inducibility of the proviral ger~e and the first 516 nucleotides play no role in the induction process.
METHODS

Proviral DNA clones.
A M MTV provirus endogenous to the GR strain of mice was isolated by molecular cloning in a 2 vector (Hynes et al., 1981 a, b) . The clone, termed GR 40, contains a proviral genome flanked by 2 to 3 kilobases (kb) of mouse genomic DNA. The entire insert was recloned into pBR322 to yield the plasmid pGR16. From this plasmid, a BglII fragment, containing the left LTR was subcloned into the BamHI site of pBR322 (pGR17) and this plasmid was used for the construction of the deletion mutants as described below and in Fig. 1 .
Construction of deletion mutants.Twenty ~tg of plasmid DNA (pGR 17) was digested at 25 °C for 20 min with 125 pg DNase I in 60 ~tl of 20 mM-Tris-HC1 pH 7-6, 1.5 mM-MnC12 (Frischauf et al., 1980) . The sample was phenolchloroform-extracted and the DNA was precipitated by the addition of 2.5 vol. ethanol. The plasmid DNA was electrophoresed on a preparative agarose gel (0.8~) made in TAE buffer (40 mM-Tris, 25 mM-sodium acetate, 2 mM-EDTA, pH 8.1). The linearized plasmid DNA was extracted from the gel and purified as described previously . The DNA was treated at 37 °C for 30 min with 15 units ofT4 DNA polymerase in 60 ktl of 10 mM-Tris-HCl pH 8, 10 mM-MgC12, 10 mM-2-mercaptoethanol, I0 mM-EDTA, 30 m~t-ammonium sulphate and 300 ~tg/ml gelatin. After phenol-chloroform extraction, the DNA was separated from nucleoside triphosphates on a Sephadex G-50 column and further purified on a DEAE-cellulose column. One-hundred pmol HindIII linkers (BRL) was phosphorylated with [),-3-'P]ATP and T4 polynucleotide kinase. The linkers were then ligated to linearized pGR17 DNA with 4 units T4 DNA ligase in 20 ~tl for 16 h at 15 °C. The DNA was digested with restriction endonuclease HindIII and applied to a low gelling temperature agarose (Sigma) gel (0.8 ~) made in TAE buffer and run for 70 h at 30 V. The area in the gel corresponding to migration of fragments between 9 kb and 7.3 kb was cut out and divided into 13 fractions. Since pGR16 is 10.5 kb, molecules of 9 kb have deleted the sequence of pBR322 between the HindlIl site and BamHI site plus most of the mouse sequences (1.2 kb). Molecules of 7.3 kb have, in addition, deleted the whole L-LTR (see Fig. 1 for scheme). The DNA was circularized directly in the agarose gel fraction. A 40 ktl amount of the slice was melted at 65 °C, cooled to 37 °C, supplemented with 10p.l ligation buffer (180 mM-Tris-HCl pH 6-8, 42.5 mi-MgCl2, 50 mi-dithiothreitol, 5 mM-ATP) and 1 unit of T4 DNA ligase and incubated at 15 °C for 12 h. This ligation reaction was then supplemented with Tris-HC1 pH 7.5, MgC12 and CaCl2 to yield a final concentration for each of 24 mi, heated to 65 °C and used for transformation of HB 101 cells (Mandel & Higa, 1970) . Ampicillin-resistant colonies were selected. The size of the deletion was analysed by restriction enzyme digestion and separation of the fragments on agarose gels and by nucleotide sequence analysis .
DNA-mediated gene transfer. Rat XC tk-cells (a gift from G. Hager, NIH, Bethesda, Md., U.S.A.) were cultured in Dulbecco's modified Eagle's medium (DMEM) plus 10H foetal calf serum. For some experiments the cells were grown for 24 h in medium plus 10 -s i-dexamethasone. Cells were seeded at a density of 2 x 105 per 60 mm plate 24 h before the transfection experiment. Each plate received 0-5 ml of precipitate containing 50 ng of tk plasmid DNA (Wilkie et al., 1979) , 1 ktg of the MMTV-containing plasmid DNAs and 10 ~tg of carrier DNA. The incubation and selection of tk + revertant colonies has been described previously (Wiglet et al., 1977) .
Quantification ofMMTV-specific RNA. Poly(A) + RNA of transfected cells was prepared as described by Hynes et al. (1981 a) and various amounts of the RNA ranging from 0.1 to 1 ktg were mixed with 5 Ixg yeast carrier RNA and precipitated with ethanol. The precipitate was collected and dissolved in 20 Ixl of 50~ formamide, 6~ formaldehyde, 90 mi-Tris-borate, 2.5 mM-EDTA, pH 8-3. The RNA was denatured at 65 °C for 3 min, diluted with 180~tl of l0 x SSC (1 x SSC = 0'15i-sodium chloride, 0.015M-sodium citrate) and dotted on a nitrocellulose filter (presoaked with l0 x SSC) in a hybridot manifold (BRL, No. 1050 MM) . Each dot was washed with 200 gl 10 x SSC, the filter was air-dried and baked at 80 °C for 2 h in the vacuum oven. The filters were pretreated as described previously and hybridized with 32p-labelled MMTV DNA in a buffer containing 4 × SSC, 10 mM-EDTA, 2~ SDS, 20 ~tg-ml denatured carrier DNA and 20 ng/ml 32p. labelled DNA. A molecular clone containing the entire MMTV genome, which had been isolated from the unintegrated MMTV DNA present in virus-infected rat HTC cells (Buetti & Diggelmann, 1981) , was used as the hybridization probe. The MMTV portion was separated from the plasmid DNA and nick-translated to a specific activity of 1 x 10 s ct/min/I.tg. Following hybridization for 18 h at 65 °C, the filter was washed as described by . To quantify the labelled DNA on the filter the dots were cut out, placed in scintillation vials, boiled for 10 min in 750 ~tl 10 mM-Tris-HC1 pH 7-5, 0.05~o SDS and counted in 10 ml Insta-Gel (Packard). Viral RNA, purified from MMTV virus particles by two sucrose gradient centrifugation steps , was used as a standard in the dot hybridization procedure. Comparison of the hybridization signals obtained with pure viral RNA and RNA extracted from transfected cells allowed the determination of the MMTV RNA concentrations in transfected cell RNA.
Quantification ofMMTV gene copies. DNA from transfected cells was prepared as described by Hynes et al. (!981 a) . DNA from 0 to 500 ng was denatured in 1 M-NaOH for 10 min at room temperature and neutralized with 1 M-HC1, 0-2 ~a-Tris-HCl pH 7.5. SSC was added to a final concentration of × 10. The samples were dotted onto a nitrocellulose filter soaked in 10 × SSC. The filters were treated and hybridized as described in the previous section. Cloned MMTV DNA (Hynes et al., 1981 a) served for the derivation of a standard curve. The number of MMTV gene copies acquired by transfection was calculated by comparison to this standard.
Nucleic acid electrophoresis and blotting analyses. RNA was electrophoresed through formaldehyde-agarose gels as described previously (Hynes et al., 1981 b) . DNA was electrophoresed through agarose gels as described by . Blotting and hybridization precedures have been described previously Southern, 1975) .
RESULTS
Deletion of L-LTR sequences from MMTV proviral DNA
The strategy used for the in vitro construction of L-LTR deletions of proviral DNA is shown in Fig. 1 . It is based on the subcloning of a proviral DNA fragment which contains the L-LTR, followed by the introduction of the deletion and the rejoining of the deleted L-LTR with the remainder of the provirus.
An endogenous MMTV provirus (GR 40), originally cloned in a 2 vector (Hynes et al., 1981 a) was recloned in the plasmid pBR322. The recombinant plasmid (pBR16) contains the proviral sequence delimited by the left (5') and right (3") LTR (L-LTR and R-LTR) regions and flanked by 2 to 3 kb of mouse genomic DNA. A 6.1 kb BglII subfragment ofpGR16 consisting of about 1.5 kb of flanking mouse genomic DNA, the L-LTR and the gag and pol region of the proviral genome was recloned in the BarnHI site of pBR322 (pGR17) [step (a) in Fig. 1 ]. pGR17 was subjected to a mild digestion with DNase I to produce an average of one cut per molecule. The linearized plasmid DNA was treated with T4 DNA polymerase and deoxynucleoside triphosphates to generate blunt ends. Synthetic oligonucleotides containing a HindIII recognition site were ligated to the linearized pGR17 molecules [step (b) in Fig. 1 ] and the DNA was digested with HindlII [step (c) in Fig. 1 ]. Since there is only a single HindIII site in the pBR322 DNA and no HindIII site in the inserted proviral subfragment, two DNA fragments result from this digestion. Both are delimited by the HindIII site of pBR322 on one end and the introduced synthetic HindIII linker site on the other. DNA fragments of desired length were selected by preparative gel electrophoresis. The length of the DNA molecules after HindIII digestion allowed us to predict the location of the synthetic HindIII linker and thus the extent of the deletion. DNA molecules were religated, transformed into Escherichia eoli HB101 and ampicillin-resistant colonies were selected. Plasmids containing deletions of the mouse genomic sequence and of L-LTR sequences were obtained [step (d) in Fig. 1] . A similar strategy for obtaining closely spaced deletions in plasmids has been described by Frischaufet al. (1980) . The plasmid, indicated as pGR17A, which has a deletion in the L-LTR, was digested with SalI and KpnI. The resulting two fragments were separated by gel electrophoresis, pGR16 was also digested with SalI and KpnI and two fragments were obtained. The SalI/KpnI fragment of pGR17A containing the pBR322 sequences between the SalI site (position 650; Sutcliffe, 1978) and the EcoRI site (position 0/4360), the deleted L-LTR and the gag region of the proviral DNA to the KpnI site was ligated to the SaII/KpnI fragment of pGR16. This fragment contains the proviral DNA from the KpnI site (pol and env region), the R-LTR, about 2 kb of flanking mouse genomic DNA and pBR322 sequences between the EcoRI site (position 4360) and the SalI site (position 650). The resulting plasmid (pGR16A) contains a reconstituted provirus with a deletion in the L-LTR region [step (e) in Fig. 1 ]. The 5' ends of four plasmids are schematically shown in the insert of Fig. 1 . .
Introduction of MMTV proviral DNA and MMTV mutants deleted in the L-LTR region into XC cells
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Hi nd Irl J[ x ,. *0%. E¢oRI "-. but a shortened 5' fragment. The size of the 5' fragment, 5-0 kb, allows an estimation of the extent of the deletion. Since the 5' flanking mouse DNA has been deleted in addition to L-LTR sequences, the reduction in size by 2.8 kb of the 5' EcoRI fragment corresponds to a deletion of about 500 nucleotides of the L-LTR sequence. A nucleotide sequencing analysis revealed that 516 nucleotides had been removed from the 5' side of the L-LTR. Fig. 2 , lanes 3 and 4 show two additional deletion mutants, pGR16AI400 and pGR16A2000 respectively. The extent of the deletions has been estimated from the sizes of the 5' EcoRI fragments, which are 4-2 and 3.6 kb. In order to investigate the biological properties of the four recombinant plasmids, we introduced them into rat XC tk-cells by cotransfection with a cloned thymidine kinase gene (Wigler et al., 1977 (Wigler et al., , 1979 . The DNA of all four plasmids was linearized with Sail before cotransfection onto XC tk-cells with the cloned tk ÷ gene. HAT-resistant colonies were selected and grown into mass cultures. The DNA of the transfected cell clones was analysed for the presence of the MMTV proviral genes after digestion with EcoRI, electrophoresis, filter transfer and hybridization to a MMTV-specific probe. Fig. 2 , lanes 5 to 8, shows the MMTV-specific fragments present in the genomic DNA of the cell clones. Comparison of the transfected plasmid DNA (lanes 1 to 4) to the D N A obtained from the cellular clones (lanes 5 to 8) shows that the cellular clones had acquired the transfected plasmid DNA. D N A from non-transfected XC cells shows only very slight hybridization to the MMTV-specific probe (lane 9) (Ringold et al., 1979) In addition to the EcoRI fragments characteristic of the plasmid D N A there were MMTV-specific EcoRI fragments present in the transfected cell DNA which are heterogeneous in size. These fragments probably resulted from changes in the plasmid DNA occurring during the transfection process (Lowy et al., 1980) . The number of proviral DNA copies acquired by the transfected cell clones was estimated by quantitative dot hybridization (Kafatos et al., 1979) . Increasing amounts of genomic DNA 4900  228  38  3600  168  28  4900  228  38  1810  84  14  1600  71  12  3400  174  29  210 24 4 * The dot hybridization of genomic DNA (Fig. 3 ) was used to evaluate the amount of MMTV-specific DNA per lag cellular DNA. The copy number per haploid genome was calculated using the assumption that a rat cell contains 7 x 10 -6 lag DNA; a MMTV gene copy corresponds to about 2 x 10-11 lag. Thus, 3 pg MMTV DNA in I lag genomic DNA is equivalent to one copy of MMTV per one genome. The numbers of MMTV copies in Ltkhave been estimated previously Hynes et al., 1981a, b) , and agree with the numbers calculated by dot hybridization. Not all MMTV proviral gene copies are present in an intact colinear configuration in the transfected cells (Fig. 2, lanes 5 to 9) . derived from transfected cells and cloned MMTV proviral DNA were applied to a nitrocellulose filter. The filter-bound DNA was hybridized to 32p-labelled MMTV DNA, radioactive probe was eluted from individual dots and counted (Fig. 3) . Cloned MMTV DNA served as a standard to estimate the number of proviral copies per cell. Table 1 shows that non-transfected mouse Lcells contained four copies of endogenous MMTV genes. The XC cells transfected with the MMTV recombinant plasmids had acquired between 12 and 38 copies per haploid genome.
Transcription of MMTV RNA in XC cells transfected with MMTV proviral DNA and L-LTR deletion mutants.
Previous experiments have shown that hormonal regulation is mediated by a DNA sequence contained within a clone of MMTV proviral DNA (Hynes et al., 1981a, b; Buetti & Diggelmann, 1981 1 -* The amounts shown here were determined according to the method described in Fig. 4 .
transfection of the proviral DNA contained within the plasmid DNA did not change the potential of the MMTV gene. XC cells transfected with pGR16 were grown into mass culture and exposed to dexamethasone for 16 h. Poly(A) ÷ RNA was isolated and the content of MMTVspecific RNA sequences was estimated by dot hybridization and comparison to purified MMTV viral RNA (Fig. 4) . Table 2 shows that the concentration of MMTV-specific RNA in XC cells transfected with pGR 16 was increased 6.2-fold (clone 1) and 5. • 35S
• 28S
• 24S
• 18S Fig. 5 . Size of MMTV-specific RNA in transfected cells. Poly(A) ÷ RNA from XC cells transfected with either pGR16 (lanes 1 and 2) or pGR16A516 (lanes 3 and 4) was isolated from cells which had been grown 16 h prior to harvesting in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of 10 -6 bldexamethasone. In each case, 5 p.g RNA was applied to a 1 ~ agarose gel, electrophoresed, blotted and hybridized as described in Methods. Numbers on the right side of the figure indicate the position of 28S and 18S ribosomal RNA markers; the other numbers refer to the sizes of MMTV transcripts (35S, 24S). Lanes 1 and 2 were exposed for 8 days, and lanes 3 and 4 for 2 days to an X-ray film at -70 °C using an intensifying screen.
cells were grown in the presence of dexamethasone. Cells transfected with pGR16A516 were able to respond to dexamethasone in a similar fashion: a 6-fold increase (clone 1) and a 7-6-fold increase (clone 2) in the concentration of MMTV-specific R N A present in poly(A) + R N A of cells cultured with dexamethasone ( Fig. 4 and Table 2 ) was observed. Although cells transfected with pGR16 (clone 1) and pGR16A516 (clone 1) contain a similar number of acquired M M T V gene copies ( Fig. 3 and Table 1 ) the concentration of MMTV-specific R N A in pGR16-(clone 1) transfected cells is about 5 times lower than in cells transfected with pGR16A516 (clone 1). This difference in MMTV-specific R N A expression, however, does not seem to be a property intrinsic to the deleted M M T V proviral gene. The analysis of independently derived cellular clones does not consistently exhibit this difference ( Table 2 ). The hormonal induction and the extent of stimulation, i.e. increase in M M T V R N A in the presence of dexamethasone remains the same. A G R tumour cell line (Ringold et al., 1975) , known to contain about 30 to 40 M M T V proviral copies , was included in the analysis for comparison. No MMTV-specific transcripts could be detected in x C cells transfected with pGR16A1400 and pGR16A2000 in the absence or presence of dexamethasone (Fig. 4 and Table 2 ). Thus, deletion of the whole LTR region including the viral R N A initiation site abolishes M M T V transcription whereas a deletion of 516 nucleotides from the 5' end of the L-LTR has no effect on the hormonal stimulation of viral R N A expression.
A size analysis of MMTV-specific transcripts contained in poly(A) + R N A obtained from pGR16-and pGR16A516-transfected cells is shown in Fig. 5 . The R N A was separated on denaturing formaldehyde-agarose gels and MMTV-specific R N A was visualized after filter transfer by hybridization to 3zp-labelled MMTV DNA. Transcripts of 35S and 24S could be observed in cells transfected with both plasmids grown in the presence of dexamethasone (Fig.  5, lanes 2 and 4) . The same transcripts were present in reduced amounts in cells grown without dexamethasone and can be seen after over-exposure of the autoradiograms shown in Fig. 5 , lanes 1 and 3. This experiment shows that the RNA transcribed from pGR16A516 is not only hormonally regulated but also that its size is indistinguishable from RNA transcribed from the intact provirus.
DISCUSSION
The proviral DNA of MMTV has been shown to contain a sequence which confers hormone inducibility to the expression of viral RNA (Hynes et al., 1981 a, b; Buetti & Diggelmann, 1981) . This region has been localized in the LTR, since chimeric genes constructed with either the L-LTR (Lee et al., 1981) or the R-LTR Huang et al., 1981) and a second indicator gene have been shown to retain the inducibility. The LTR region of MMTV is 1328 nucleotides and the initiation site of viral RNA synthesis is located 134 nucleotides from the 3' end (N. Kennedy, unpublished observations). Our investigations are aimed at defining the sequence requirements for hormonal inducibility and determining whether the structural integrity of the LTR is necessary for this process. The strategy involved the deletion of DNA sequences from the L-LTR of proviral DNA followed by a test of the performance of the deleted proviral DNA upon reintroduction into cultured cells.
Cloned proviral DNA and proviral DNAs with deletions in the L-LTR were tested for template activity in XC cells after DNA-mediated proviral gene transfer. In order to monitor the transcription of viral RNA of characteristic size (Robertson & Varmus, 1981) , the templates must be present in the transfected cells in an intact colinear fashion. To optimize the occurrence of uninterrupted proviral genes, colinear with viral RNA, the plasmid DNAs were linearized before transfection with the restriction enzyme SalI which recognizes a single site in the pBR322 DNA. Although the MMTV portion represents about 75 ~ of the recombinant plasmid DNA, 50 to 60 ~o of the transfected MMTV genes are present in an uninterrupted configuration in the genomic DNA of the transfected cells. The presence of characteristic EcoRI fragments of MMTV and SacI-PvulI fragments in the genomic DNA of transfected cells and their quantification by densitometry of autoradiographs has allowed this estimate (data not shown).
Cells transfected with pGR16 and pGR16A516 acquired multiple copies of the proviral genes. The concentration of viral RNA observed in pGR16 (clones 1) and pGR16A516 (clone 1) cell clones differ by a factor of 6. The number of proviral gene copies present in these clones is however identical. Induction of viral RNA synthesis in each cell clone resulted in a sixfold stimulation above the constitutive expression level. Analysis of independently derived cell clones transfected with the same plasmid DNA did not exhibit this difference in constitutive expression and therefore it does not appear to be an intrinsic property of the deletion mutant. It has been suggested that differences in the genomic location of exogenous proviral DNA acquired after virus infection of HTC cells are responsible for different extents of expression . A similar situation could occur with transfected DNA known to integrate into different chromosomal locations (Robins et al., 1981) .
Analysis of the poly(A)+-containing RNA of cells transfected with pGR16 and pGR16A516 grown in the absence and presence of dexamethasone has shown that the deletion in the L-LTR has no effect on the size of the transcripts and on the hormonal inducibility. We conclude that structural integrity of the L-LTR is not necessary for the interaction of the proviral DNA with the cellular components leading to hormone inducibility. Deletions, however, which include the entire LTR region are unable to transcribe MMTV RNA and can not be stimulated by dexamethasone. This result suggests that there are not internal promoters in the proviral gene apart from the LTR. The larger size of the MMTV LTR, when compared to LTRs of other retroviruses, and the presence of a 960 nucleotide open reading frame has prompted speculation about the role of LTR sequences in the hormone induction process (Dickson et al., 1981; Kennedy et al., 1982; Payvar et al., 1981) . If structural integrity of the LTR region is not required for hormonal regulation, it is possible that the regulatory feature is localized close to the 3' end of the LTR where the viral promoter and RNA initiation site is found. Since the hypothetical 'open reading frame protein' starts at the extreme 5' end of the LTR and Lee et al. (1981) have used a L-LTR missing about nine nucleotides from the 5' end in their LTR-DHFR chimeric gene, the involvement of the 'orf' protein in hormone action is unlikely. In our deletion mutant, in which about one-half of the open reading frame has been removed, hormone inducibility persists. However, we cannot rule out the possibility that the region of the R-LTR provides a component which acts in a trans fashion. Chimeric genes containing a single LTR region and deletion mutants of these chimeras will allow a precise definition of the sequences required to confer hormonal inducibility.
